Dedicated to Professor Heinrich Wänke on the occasion of his 60th birthday Concentrations and isotopic ratios of noble gases are reported for nineteen Japanese chondrites. Among those, Nio (H3-4) is a solar-gas-rich meteorite.
Introduction
Concentrations and isotopic ratios of noble gases in stony meteorites imply much information about the history of the solar system. Such information is ob tained through trapped primordial gases and prod ucts of nuclear decays and nuclear reactions between cosmic-rays and target nuclides in the meteorites.
Since Japanese chondrites studied in this work are observed falls except Shibayama, their terrestrial his tories are known. Therefore it could be easy to resolve any problems that are introduced by terrestrial effects such as contamination and weathering.
We will present the noble gas records of nine L-group and ten H-group chondrites. Chemical, mineralogical and petrographical studies of these chondrites [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and determinations of cosmic-rayproduced 26A1 and "M n [19, 20] have been reported elsewhere.
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Experimental Procedures

Sample Description
The samples studied in this work are listed in Table 1 . The chemical, petrographical and mineralogi cal features are given in the literature cited. They are ordinary chondrites of various petrologic types. The date of fall ranges from 861 A.D. to 1986 A.D. The recovered masses are rather small, less than 1 kg for two thirds of the meteorites. K concentrations used for K-Ar age calculations, determined chemically or by a non-destructive y-ray method, are also given.
Noble Gas Analysis
Bulk meteorites, weighing between 0.03 and 0.3 g, were wrapped in Al-foil (approximately 15 mg) and degassed in vacuum at about 100°C for a night in side arms of a sample holder. After blank runs, the samples were dropped into a thorougly degassed molybdenum crucible and heated at 1750°C for 30 minutes. For Fukutomi (L4), which showed significant enrichments 0932-0784 / 89 / 1000-0935 $ 01.30/0. -Please order a reprint rather than making your own copy. ' [25] , in 80Kr and 82Kr, a second measurement was carried out with a large-size sample. The powdered samples of 0.736 g were heated at successively higher tempera tures of 600. 850, 1100. 1350. 1600 and 1750C C. Each temperature was kept constant for 25 minutes.
Typical blanks were 4He: 5 x l0^10, 20Ne: 3x 10~U, 36Ar. 4 x JO "", 84Kr; ] x 10-12 and 132Xe. 3x10 13 cm3 STP. Corrections for doubly-charged 40Ar and CO, ions were smaller than 1% in most cases. The mass spectrometer was tuned at the mass resolution of 700 to separate H3 and HD ions from 3He, and hydrocarbon ions from Ar, Kr and Xe iso topes. Details of the analytical instrument and tech niques have been given elsewhere [21, 22] .
2.3. Thermal Neutron Activation Analysis of CI and Br 0.04-0.08 g sized aliquots of powdered chondrites were sealed into polyethylene bags or quartz tubes depending on neutron irradiation conditions. Ther mal neutron irradiation was carried out at the reac tors JRR-2 or JRR-4 of the Japan Atomic Energy Research Institute at Tokai. Nuclear data of CI and Br used in this work are presented in Table 2 . Determina tion of CI and Br in Fukutomi was repeated 4 times each. Based on the half-lives of the produced nuclides 38C1 and 82Br, the experimental conditions were cho sen as follows: i) Non-destructive analysis of CI.
Total thermal neutron flux: 3.2, 6.5 and 9.6 x 1015 n/cm 2. Irradiation periods: 1 or 2 minutes. ii) Non-destructive analysis of Br.
Total thermal neutron flux: 6.5 x 1016, 1.1 x 1018 and 6.5 x 1015 n/cm 2. Irradiation periods: 20 minutes, 5.5 hours and 2 minutes, respectively. iii) Radiochemical analysis of CI and Br.
Total thermal neutron flux: 1.8 x 1017 n/cm2. Irradiation periods: 40 minutes.
For non-destructive analyses, the irradiated sam ples were cooled for 60-70 minutes and about 2 days for 38C1 and 82Br, respectively, then y-rays were mea sured by a Ge (Li) y-ray spectrometer.
The irradiated sample for radio-chemical analysis was fused with NaOH and N a ,0 , with approxi mately 10 mg each of C P and Br~ carriers in a nickel crucible. After having cooled to room temperature, the fused cake was dissolved in H20 . The solution was filtered and slightly acidified with H N 0 3. The mixture of AgCl and AgBr was precipitated with A gN 03, then filtered with a 1 inch-diameter-membrane-filter for y-ray counting.
Results
Noble Gases
Results on the concentrations and isotopic ratios of noble gases are listed in Tables 3 and 4 for the melting Errors of the isotopic ratios in the last two digits are given in parentheses. (44) Errors of the isotopic ratios in the last two digits are given in parentheses.
runs of all samples and in Table 5 for the temperature run of Fukutomi. Noble gas data for Nogata, Nio and Higashi-Koen, which have been reported elsewhere [15, 16] , are included for comparison with other Japa nese chondrites. Both concentrations and isotopic ra tios were corrected for mass discrimination and blank. Errors quoted are based on statistical errors (95% confidence of f-distribution) of ratio measurements and uncertainties in the mass discrimination and blank corrections. The precision for the gas concentra tions is estimate to be about 10% for He, Ne and Ar, and 15% for Kr and Xe, based on temporal changes in spectrometer sensitivities. Helium is a mixture of spallogenic and radiogenic gases for all samples except Nio(H3-4). The spallo genic gas dominates in Ne except for Nio and Fuku tomi (L4), which contain trapped Ne. Argon is com posed of the trapped, spallogenic and radiogenic components. To distinguish these components, the fol lowing isotopic ratios are assumed: For the trapped gases, 20Ne/22Ne = 12.53, 21Ne/22Ne = 0.0335 [26] and 38Ar/36Ar = 0.188 [27] ; for the spallogenic gases 3He/4He = 0.2, 2ONe/22Ne = 0.85 and 38Ar/36Ar = 1. 5 [28], The 4He concentrations for the L6 chondrites ex cept Nogata, Tane and Fukutomi in Table 3 are signif icantly low, suggestive of gas loss. Nogata (L6) retains radiogenic He quantitatively. Among the H-chon drites investigated, Nio contains very much 4He and a considerable amount of trapped Ne. The 4He con tent, the Ne isotopic ratios, and the trapped 20Ne/ 36Ar ratio indicate that this chondrite is a solar-gasrich meteorite [29] . Takenouchi (H5) shows very low 4He, indicating severe gas loss.
The Ne isotopic ratios indicate that Fukutomi and Nio contain solar-type Ne [26] . The 20Ne/22Ne ratio for Takenouchi is slightly higher than that for the other chondrites. Takenouchi may contain a small amount of trapped Ne, while others do not.
The concentration of trapped Ar in Fukutomi is extraordinarily high compared with ordinary chon drites belonging to type 4 [30] . As mentioned earlier, this chondrite contains solar-type Ne and is signifi cantly enriched in 80Kr and 82Kr. The results for this chondrite will be discussed later in detail.
The trapped gas dominates in Kr and Xe for all samples. The Xe isotopic ratios determined for the L-chondrites Fukutomi and Aomori. and the H-chon-drites Numakai, Tomiya, Takenouchi and HigashiKoen are given in Table 4 . The Xe isotopic ratio indi cates that Aomori contains a mixture of AVCC-Xe [31] and minor amounts of spallogenic Xe (126Xesp = 4 x 10~13 cm3/g). For other chondrites except Fukutomi, their Xe isotopic composition agrees with that for AVCC-Xe [31] within experimental errors. The iso topic ratios of Kr and Xe in Fukutomi will be dis cussed later.
Neutron Activation Analysis
Results of neutron activation analyses are tabulated in Table 6 . The CI and Br contents in chondrites other than Fukutomi were determined only once for com parison with those in Fukutomi.
Counting errors of CI and I data from the non-destructive method always exceed 30% and even 100%, respectively, because of high background due to ra dioactivities produced by (n, y) reactions of main target elements in chondrites. Data with counting er rors higher than 100% are not included in the calcula tion described in the next section. This is the reason why no I data are given in Table 6 . By adoption of longer cooling periods and by using at least 6 different comparable y-ray energy peaks of 82Br, as is listed in Table 2 , Br was measured with errors of less than 10%. If radiochemical determinations were employed, errors were reduced to 3.3 and 1% for CI and Br, respectively, whereby errors arising as the result of chemical procedures are accounted for.
4. Discussion 4.1. Gas-Retention Ages Gas-retention ages were calculated from radiogenic 4He and 40Ar, assuming all 40Ar determined to be radiogenic, [U] = 15 and 12ppb for L-and H-chondrites, respectively, and Th/U = 3. 6 [32] . The results are given in Table 7 . For Fukutomi containing a small amount of solar-type Ne, we assume that He is a mixture of radiogenic and spallogenic components be cause it can be interpreted in terms of these compo nents. However, since a contribution of trapped He can not be perfectly excluded, the He age may be smaller than that in Table 7 . The K concentrations used are given in Table 1 . That the 4He ages are youn ger than the 40Ar ages is a normal trend because of low retentivity for He. It is noted that the 4He ages for the L-chondrite Nogata and for the H-chondrites Nu makai, Ogi and Higashi-Koen are concordant with the K-Ar ages. Uncertainties in the K concentrations are rather large because the K and Ar measurements were carried out using aliquots of different specimens. We assume 10% errors for the K concentrations. Espe cially, Nio shows heterogeneous structures; it is com posed of various kinds of lithic fragments. Therefore, the uncertainty to be cited for this meteorite may be much larger than that given in Table 7 . The very old ages calculated for Nogata, Nio and Tomiya are con-sistent with the formation age of meteorites [33] within large uncertainties. The L-chondrites of type 6, except Nogata, Tane and Kokubunji, give young K-Ar ages. This can be assigned to gas loss by impact shock [34] [17] , has lost a considerable part of radiogenic Ar. This suggests that the Ar loss does not result from the moderate shock but that other effects such as shock heating followed by slow cooling are necessary to evolve the radiogenic gas from host min erals.
Cosmic-Ray Exposure Ages
As mentioned, the chondrites except Fukutomi, Nio and Takenouchi contain no trapped Ne. For all these meteorites, the measured 21Ne as well as the 22Ne/ 21Ne and 3He/21Ne ratios represent those of the spal logenic component. Neon in Fukutomi and Nio con taining solar-type Ne was corrected for the trapped component. Decomposition into the Ne components is based on the assumption that the Ne is a two-component mixture between Ne-B [26] and spallogenic Ne, whose isotopic compositions were given earlier. For Takenouchi. the measured 21Ne and 22Ne/21Ne ratio were adopted for the spallogenic component be cause the correction for the trapped gas is practically negligible in these isotopes. The 3He/21Ne and 22Ne/ 21Ne ratios fall near the correlation lines given by Eberhardt et al. [35] and Nishiizumi et al. [36] except for Takenouchi. The 3He/21Ne ratio for Takenouchi is 1.65, indicating loss of spallogenic 3He.
Cosmic-ray exposure ages are given in Table 7 . They were calculated using the production rate and shielding correction given by Nishiizumi et al. [36] . Six of the ten H-chondrites have exposure ages between 5.9 and 9.9 Myr. The 6-Myr peak is the major feature in the distribution of exposure ages for H-chondrites [37] , The exposure ages for the L-chondrites range from 8.2 to 64 Myr and do not show clustering. Figure 1 shows release patterns of noble gas com ponents. No significant difference is found in the re lease patterns of trapped gases except for enhanced release of trapped Kr and Xe at 600 °C. Release peaks for all trapped gases are at 1350°C. The release pat terns of radiogenic gases are different from each other as well as from that of trapped gases. The largest release of radiogenic gas is at 850 °C for 4He and 600 °C for 40Ar. The suppressed release of radiogenic 4He at 600 °C suggests preferential He loss from low retentive sites. An alternative interpretation is a con tribution of trapped He in the 850 °C and other frac tions. There is a significant difference in the release patterns of spallogenic 3He, 21Ne and 38Ar. This can be explained by differences in the diffusion velocity between these isotopes. Comparison of the release patterns of trapped and spallogenic gases suggests that the trapped gas resides at stable trapping-sites of high activation energy in a host phase and is released by extinction of the trapping sites rather than diffu sion through the host phase.
Noble Gases in Fukutomi (L4)
As mentioned earlier, this chondrite contains a small amount of trapped Ne, but the 4He concentra tion is as low as it can be explained in terms of the spallogenic and radiogenic components. Therefore, it is not a solar-gas-rich-meteorite [29] , However, the concentration of trapped 36Ar is 3.5 times higher than the highest value so far reported for type-4 ordinary chondrites [30] except solar-gas-rich chondrites [29] , whereas the 132Xe concentration is in the range of typical values found in type 4 ordinary chondrites [38, 39] , The amount of 36Ar produced by neutron capture of 35C1 (Table 8) is too small to explain the 36Ar excess.
The elemental ratio 36Ar/132Xe of 323 is significant ly higher than that for planetary-type gas (e.g., 89 for C2-chondrites [40]), and is rather similar to that for Kenna (255 [41] ) and that for clasts in Abee (126-1000 [42] ). A component enriched in Ar has been found in E-chondrites [42,43] . The Ar-enriched gas in Fuku tomi can be interpreted by mixing of planetary-type and argon-rich gas. (Because (20Ne/36Ar)tr is 0.28, we use "argon-rich" [42] rather than "sub-solar" [43] .) The step-heating experiment failed to isolate the argonrich gas, as shown in Figure 1 . This means that the planetary-type and the argon-rich gases were well mixed with each other or were trapped in host phases unseparable by the step-heating experiment.
A correlation line in a three-isotope diagram (Fig. 2) ties Ne-B [26] and spallogenic Ne, indicating that Fukutomi traps solar-type Ne. It is difficult to know the isotopic signature of trapped Ar because Ar is a mixture of trapped, spallogenic and radiogenic gases.
The isotopic ratios 80K r/84Kr and 82K r/84Kr are significantly higher than those of solar-Kr [44] and planetary-Kr [31] . These excesses can be attributed to neutron capture on Br isotopes in the meteorite. Fig  ure 3 is a correlation diagram between 80K r/84Kr and 82K r/84Kr. All data fall on a straight line to which AVCC-Kr [31] and solar-Kr [44] fit. The slope of the correlation line gives a ratio 2.64 between excessive 80Kr and 82Kr. This ratio is significantly lower than that for Kr produced by thermal neutron capture on Br isotopes and close to the ratio for Kr from epither mal neutron capture on Br isotopes [45, 46] .
Although neutron capture effects in 80Kr and 82Kr and spallogenic 78Kr make comparison of these iso topes uncertain, the relative abundances of other iso topes in the 1350°C fraction are in agreement with those for AVCC-Kr [31] , Kenna [41] and South Oman [43] . Figure 4 shows There is a correlation between 128Xe/132Xe and 129Xe/132Xe, though the isotopic variation is small. This suggests that Fukutomi contains 128Xe produced by the epithermal neutron capture on 127I [44] , The small 128Xe excess relative to AVCC-Xe (Fig. 4) may be partly attributed to this component.
The isotopic signatures indicate that the noble gases trapped in Fukutomi have similarities to those in E-chondrites and Kenna ureilite in the argon-rich component and the isotopic composition of Xe. The Kr isotopic ratios do not exclude this possibility. There is a definite difference in Ne, however. Fuku- [12] . Because tridymite is a rare constituent in ordinary chondrites, and the coexis tence of olivine and tridymite is not presumed from the M g 0 -F e 0 -S i0 2 equilibrium system, it is sup posed that the tridymite was introduced by a mixing process [12] , This suggests admixing of fragments bearing E-chondritic or ureilitic noble gases by colli sion. It is unclear whether or not the fragments were E-chondritic or ureilitic because neither E-chondritic nor ureilitic fragments were found in Fukutomi [12] , Anyhow, further work is needed to decompose the planetary gas and the argon-rich gas, to identify the host phases of these trapped gases, and to make the origin of the argon-rich gas clear. Because this is the finding of the argon-rich component in an ordinary chondrite, the detailed study of it will be useful to dicipher the origin of this component in E-chondrites [42, 43] as well. Gas concentration is given in 10 12 cm3/g. Table 8 represents the observed amounts of iso topes produced by neutron capture and the theoreti cal production estimates in Fukutomi. Information on the neutron absorption cross section and the neutron mean free path in chondrites was taken from Marti et al. [52] . The concentrations of CI and Br, 296 and 4.2 ppm respectively, are weighted means of the data in Table 6 .
Preatmospheric Size of Fukutomi
With the method of Eberhardt et al. [53] , we obtain q = 0.05 cm-3 sec"1 for the neutron slowing-down density. Using graphical fitting with this slowingdown density and the Fermi age of neutron (t -280 cm2 [46], we find the minimum radius of about 20 cm on the assumption of a spherical meteoroid.
Summary
(1) The concentrations of five stable noble gases and the isotopic ratios of He, Ne and Ar are summarized for nineteen Japanese chondrites. Several chondrites were analysed for the Xe isotopic ratios.
Step-heating analyses were carried out in Fukutomi. For this mete orite, neutron-capture effects at Kr and Xe isotopes and extraordinary Ar-enrichment are found.
(2) U/Th-He ages are younger than K-Ar ages for all meteorites studied. Six of the nine L-chondrites give young K-Ar ages, suggesting gas loss by impact shock heating. The remaining three L-chondrites and seven of the ten H-chondrites have K-Ar ages older than 4 Ga. Effects of shock pressure and shock heating on gas loss were discussed.
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(3) Exposure ages for six of the ten H-chondrites show clustering around the 6-Myr peak that is a typ ical feature for H-chondrites [37] , while the exposure ages for L-chondrites ranging from 8.2 to 64 Myr do not show clustering.
(4) Fukutomi (L4) contains solar-type Ne and trapped 36Ar in excess, 3.5 times enriched compared to the highest value so far reported for type-4 ordinary chondrites except solar-gas-rich chondrites. The iso topic composition of Xe is identical with that in Abee [47] and Kenna [41] , The 36A r/132Xe and 84K r/132Xe ratios fit along a mixing line between a planetary (36Ar/132Xe = 80) and a subsolar (or argon-rich: 2700 < 36Ar/132Xe<3800) component found for separates of E-chondrites [43] . These isotopic signatures of trapped gases, and the chemical and mineralogical features [12] suggest that this meteorite may contain mineral fragments bearing the noble gas component found in E-chondrites and/or ureilites. Further work is needed to isolate the argon-rich gas, to identify the host phase and to understand the origin.
Fukutomi also contains 80Kr, 82Kr and 128Xe pro duced by epithermal neutron capture on 9Br, 8'Br and 12 I, respectively. From the (n, y)-produced Kr, the preatmospheric radius is estimated to be at least 20 cm for a spherical meteoroid.
